The effects of dietary factors such as carbohydrate (CHO) on endurance-running performance have been extensively studied under laboratory-based and simulated field conditions. Evidence from "reallife" events, however, is poorly characterized. The purpose of this observational study was to examine the associations between prerace and in-race nutrition tendencies and performance in a sample of novice marathoners. Methods: Forty-six college students (36 women and 10 men) age 21.3 ± 3.3 yr recorded diet for 3 d before, the morning of, and during a 26.2-mile marathon. Anthropometric, physiological, and performance measurements were assessed before the marathon so the associations between diet and marathon time could be included as part of a stepwise-regression model. Results: Mean marathon time was 266 ± 42 min. A premarathon 2-mile time trial explained 73% of the variability in marathon time (adjusted R 2 = .73, p < .001). Day-before + morning-of CHO (DBMC) was the only other significant predictor of marathon time, explaining an additional 4% of the variability in marathon time (adjusted R 2 = .77, p = .006). Other factors such as age, body-mass index, gender, day-before + morning-of energy, and in-race CHO were not significant independent predictors of marathon time. Conclusions: In this sample of primarily novice marathoners, DBMC intake was associated with faster marathon time, independent of other known predictors. These results suggest that novice and recreational marathoners should consider consuming a moderate to high amount of CHO in the 24-36 hr before a marathon.
The relationship between dietary tendencies and endurance-running performance has been a subject of interest, and, in particular, dietary carbohydrate intake has been a focal point of research for nearly a century. In the early twentieth century, studies of blood glucose changes after the Boston Marathon demonstrated the importance of blood glucose maintenance for endurance performance (Gordon et al., 1925; Levine, Gordon, & Derick, 1924) . Subsequent studies demonstrated strong associations between muscle glycogen depletion and the onset of fatigue (Bergström, Hermansen, Hultman, & Saltin, 1967; Hultman, 1967) and showed that feeding with carbohydrate both before (Bergström et al., 1967; Karlsson & Saltin, 1971 ) and during (Coggan & Coyle, 1989 , 1991 Coyle et al., 1983) prolonged exercise can enhance performance. Consequently, numerous researchers and sport organizations have recommended a high-carbohydrate diet before prolonged endurance events and carbohydrate intake during events lasting longer than 60-90 min (American Dietetic Association et al., 2009; Burke, Hawley, Wong, & Jeukendrup, 2011; Burke, Kiens, & Ivy, 2004; Jacobs & Sherman, 1999) .
Despite these pervasive recommendations, several gaps remain in the literature as it relates to carbohydrate and endurance-running performance. The vast majority of studies have been conducted under laboratory-based conditions, which can distort the relationship between any given variable and its relevance to field performance (Atkinson & Nevill, 2001) . Unfortunately, the logistical and practical difficulties of conducting a randomized trial before or during an event such as a marathon are numerous. Both recreational and professional runners invest substantial physical, mental, and emotional resources into training and may be reluctant to be randomized to an intervention for which they may receive a potentially inferior treatment (e.g., low-carbohydrate diet). Specific to marathons, many of today's participants are novice or amateur (Running USA, 2011) , so personalized nutrition guidance for this demographic is limited since most studies have not examined how the efficacy of nutrition strategies varies by marathon experience.
Several studies have attempted to address these gaps in the research by using observational methodologies that measure performance in "live" events involving running, while simultaneously examining the associations with nutritional factors before and/or during the event (Atkinson, Taylor, Morgan, Ormond, & Wallis, 2011; Kruseman, Bucher, Bovard, Kayser, & Bovier, 2005; Pfeiffer et al., 2012) . These studies have shown conflicting results, with two demonstrating significant associations with performance specific to nutrition (Atkinson et al., 2011; Pfeiffer et al., 2012) while another did not (Kruseman et al., 2005) . In addition, all these investigations focused on experienced competitors, limiting specific recommendations that can be made for a substantial proportion of endurance-event participants. Therefore, the purpose of this investigation was to examine the associations between prerace and in-race nutrition factors and performance in a sample of primarily novice marathoners.
Methods

Participants
University of Minnesota students enrolled in the course Physical Education 1262 Marathon Training were eligible and recruited to participate in the study. To enroll in the course, students had to first obtain clearance from a physician. Students subsequently received supervised marathon training for approximately 5 months, culminating with their participation in the Eau Claire Marathon on May 6, 2012 (Eau Claire, WI). All students were expected to complete the marathon as part of their participation in the course. All testing protocols were approved by the University of Minnesota institutional review board. Participation in the research was optional, and students were free to opt out of tests without penalty with respect to the course. Eighty-six students were enrolled in the course, all of whom completed the Eau Claire Marathon.
Dietary Assessment
Dietary assessment was completed with a prospective dietary record. One week before the marathon, participants received 30 min of training on the use of dietary records, including instruction on portion sizes, practical methods of estimating portions, and photographic examples of varying portion sizes. Beginning 3 days before the marathon (12 a.m. on Thursday, May 3), participants were instructed to record all foods and beverages consumed through their last meal before the marathon, which was held on the morning of Sunday, May 6. Training was reduced during this time period, with students being asked to avoid any running except for a 15-min run on Friday, May 4. Participants were asked to measure out portions, if possible, using measuring cups. If measurement was not possible, they were asked to visually estimate portion sizes with the aid of photographic examples provided with the dietary records. On completion of the marathon, participants were asked to recall the quantities of all foods and beverages consumed during the marathon. They were not given any individualized advice on diet except to consume a variety of foods that included carbohydratebased foods at meals. Dietary records were analyzed by a registered dietitian (P.W.) blinded to marathon split times at the time the dietary record data were summarized. The analysis was completed with the commercially available software Diet Analysis Plus (Cengage Learning, Independence, KY).
Covariate Assessment
Weight and height were measured during a pretraining session at the Human and Sport Performance Laboratory in early December 2011 (pretest) and after 4 months of training in April 2012 (posttest). Weight was measured to the nearest 0.1 kg using a beam-balance scale (Detecto Scales, Brooklyn, NY) with participants wearing light clothing and no shoes. Height was measured to the nearest 0.1 cm with a wall-mounted stadiometer (Accustat Genentech, San Francisco, CA). Posttest height and weight values were used to calculate bodymass index (BMI) for the analyses, and self-reported values were used for participants declining to visit the laboratory for testing. Running ability was assessed with two maximal-effort 2-mile time trials completed on a 200-m indoor track. The pretest was done in December 2011, and the posttest was done in April 2012, approximately 3.5 weeks before the date of the marathon. Participants were instructed to refrain from strenuous exercise for 48 hr before the time trials and to give a maximal effort.
Statistical Analysis
Analyses were performed with SPSS version 20 (IBM, Armonk, NY). In an initial step, Pearson's correlations were carried out with marathon time as the dependent variable and with the normally distributed background variables age, BMI, and posttest 2-mile as predictors. In addition, several nutrition variables were correlated with marathon time. Each full day's energy and carbohydrate totals (-3, -2, -1 day), as well as the morning-of-themarathon totals (0 day) were correlated with marathon time. The day-before + morning-of energy (DBME) and day-before + morning-of carbohydrate (DBMC) were also quantified since previous research has demonstrated the predictability of intake 24-36 hr before endurance tasks (Atkinson et al., 2011; Coyle, Coggan, Hemmert, Lowe, & Walters, 1985; Flynn et al., 1989; Sherman et al., 1989) . Finally, in-race carbohydrate was assessed; in-race energy was excluded since all but 1 participant consumed 100% of in-race energy from carbohydrate. All carbohydrate values were totaled as grams per kilogram of body mass since amounts relative to body mass reflect body storage potential more accurately than percent of energy (Burke et al., 2004) . Significant correlates of marathon time at the p < .01 level (to account for multiple correlations) and gender were then included in a stepwise multiple-regression model with criteria of p of F for inclusion .05 and p of F for exclusion .10. Collinearity statistics were computed with acceptability thresholds for variance inflation factors less than 10 and tolerance values greater than .10 (Chen, Ender, Mitchell, & Wells, 2003) .
Missing Data
A posttest 2-mile test was not completed for 1 participant, so the pretest time was used. Four participants failed to complete the first day of their dietary record (-3 day), so diet data for only 42 participants were correlated with marathon time for that day.
Results
All 86 students enrolled in the course completed the marathon with an average time of 273.6 ± 42.8 min. Ninety-one percent of the students (78/86) were novice marathoners, while the 8 who had previous marathon experience had completed 1-3 marathons, with the exception of 1 student who had run 8. Forty-six participants (36 women and 10 men), or 53% of the enrolled students, completed the dietary records and were available for the analyses. Descriptive statistics for the 46 participants are presented in Table 1 . Two of the participants had prior marathon experience, making 96% (44/46) of the analytical sample novice marathoners.
Correlations between potential predictors and marathon time are presented in Table 2 . Overall, five of these variables (posttest 2-mile, -1-day energy, DBME, -1-day carbohydrate, and DBMC) were significantly correlated with marathon time at p < .01. Mean age (21.3 ± 3.3 years), in-race carbohydrate intake (0.4 ± 0.3 g · kg body mass -1 · hr -1 , or 23.5 g/hr per person), and BMI (22.1 ± 2.6 kg/m 2 ) were not significantly correlated with marathon time, although BMI demonstrated a positive trend (r = .32, p = .03). The results of the stepwise multipleregression model using the five significant correlates of marathon time and gender are presented in Table 3 . In the first step, the posttest 2-mile explained 73% of the variance in marathon time (adjusted R 2 = .73, F change = 125.4, p < .001). In the second step, the addition of DBMC to posttest 2-mile explained an additional 4% of the variability in marathon time (adjusted R 2 = .77, F change = 8.3, p = .006). The unstandardized betas presented in Table 3 can be interpreted as the change in marathon time mediated by a unit change of the specified predictor. Thus, a 1-min increase in posttest 2-mile time was associated with a 19.2-min slower marathon time. For DBMC, a 1 g/kg of body mass increase was associated with a 4.9-min faster marathon time. Gender was not a significant predictor in the multivariate model, and due to only having 10 male participants, separate models were not run for each gender. In addition, DBMC was negatively correlated with marathon time for both men and women (r = -.28 and -.52, respectively), providing some reassurance for the inclusion of men and women in a single model. Morning-of energy (kcal) 360 ± 190 0-800 DBME (kcal) 2,502 ± 741 1,267-4,210 -3-day CHO (g/kg BM; n = 42) 4.4 ± 1.8 0.5-8.9
-2-day CHO (g/kg BM) 4.3 ± 1.5 1.7-8.1
-1-day CHO (g/kg BM) 4.5 ± 1.6 1.9-9.4
Morning-of CHO (g/kg BM) 0.9 ± 0.5 0.0-2.9 DBMC (g/kg BM) 5.4 ± 1.8 2.8-11.4
In-race CHO (g · kg BM -1 · hr -1 ) 0.4 ± 0.3 0.0-0.9
Note. DBME = day-before + morning-of energy; CHO = carbohydrate; BM = body mass; DBMC = day-before + morning-of CHO. Note. BMI = body-mass index; DBME = day-before + morning-of energy; CHO = carbohydrate; BM = body mass; DBMC = day-before + morning-of CHO. Note. DBMC = day-before + morning-of carbohydrate; VIF = variance inflation factor.
Figure 1 -Distribution of day-before + morning-of marathon carbohydrate (DBMC) intake for 46 recreational college student marathoners. Figure 1 shows the distribution of DBMC among the participants. Of note, the average DBMC intake was 5.4 ± 1.8 g/kg of body mass, with the day before (-1 day) and the morning of (0 day) the marathon contributing 4.5 and 0.9 g/kg of body mass, respectively. Figure 2 shows the bivariate association between DBMC and marathon time with 95% confidence intervals.
Discussion
In this sample of primarily novice marathoners, DBMC was inversely associated with marathon time, independent of other anthropometric and physiologic predictors. This finding corroborates the results from the only other study to date to examine carbohydrate intake as a predictor of marathon performance in a multivariate adjusted model (Atkinson et al., 2011) . Current recommendations for carbohydrate intake before endurance events ≥90 min are 5-12 g/kg body mass for the day before and 1-4 g/ kg body mass for the 1-to 4-hr period before the event (Burke et al., 2011) . Mean carbohydrate intake for the day before the marathon (-1 day) was 4.5 g/kg of body mass, with 13/46 (28%) of the participants consuming ≥5 g/kg body mass. Participants then consumed 0.9 g/kg body mass of carbohydrate the morning of the marathon (0 day), with 19/46 (41%) of them consuming ≥1 g/kg body mass. Overall, DBMC was 5.4 g/kg body mass, and 13/46 (28%) of the participants consumed the minimum amount of carbohydrate (6 g/kg body mass) that would be advocated for the day before and morning of the race.
As can been seen in Table 2 , all the energy and carbohydrate variables were negatively correlated with marathon time, although not all reached statistical significance. The strength of the correlations tended to increase from -3 day to -1 day for both energy and carbohydrate despite average intakes remaining essentially unchanged, which suggests that diet became more important over the 3-day prerace period. Among the energy-intake variables, the day before the marathon (-1 day) showed the strongest correlation with marathon time (r = -.48); for carbohydrate intake, DBMC showed a slightly stronger correlation with marathon time (r = -.41) than carbohydrate intake the day before (-1 day; r = -.39) and the morning of (0 day; r = -.28) the marathon. Given that morning-of (0 day) carbohydrate by itself was only modestly correlated with marathon time (r = -.28, p = .06), it appears to be relatively less critical than day-before marathon carbohydrate. This supports previous observational data from Atkinson et al. (2011) , which showed that carbohydrate intake the day before a marathon was independently associated with faster marathon speed, while morning-of intake was not. In a multiple-regression model controlling for gender, BMI, and training history, every 1-g/kg-body-mass increase in prerace carbohydrate was associated with a speed increase of 0.17 km/hr. Despite the modest effect of morning-of carbohydrate in our study, laboratory-based research has demonstrated that carbohydrate intake 4-12 hr before endurance exercise improves performance (Coyle et al., 1985; Flynn et al., 1989; Sherman et al., 1989) , as it may ensure that liver glycogen stores are replenished from overnight use. Theoretically, this may improve performance, since liver-derived glucose can serve as an important substrate during prolonged exercise (Hultman & Nilsson, 1973) . The effects of morning-of carbohydrate may be more difficult to demonstrate in observational studies, however, because of greater variation in day-before-event intakes.
Carbohydrate intake was also analyzed as DBMC, as we wished to study whether the combination of these potentially critical time periods exerted a stronger effect than either one alone. Since previous laboratory and field research has suggested that both of these time periods are influential (Atkinson et al., 2011; Coyle et al., 1985; Flynn et al., 1989; Sherman et al., 1989) and since sport organizations typically recommend that competitors focus on both (American Dietetic Association et al., 2009; Burke et al., 2011) , the inclusion of DBMC provided insight as to whether any synergistic effect was present. Ultimately, DBMC was the only significant dietary predictor in the multivariate model, suggesting that focusing on both these periods may be ideal, although the day-before period is relatively more influential. While DBME and -1-day energy showed slightly higher correlations with marathon time than did DBMC (r = -.46 and -.48 vs. -.41), only DBMC was predictive of marathon time in the multivariate model. The observation that energy-intake variables were not independently predictive of marathon time supports what has been seen in the experimental laboratory-based research. Most studies comparing preexercise carbohydrate versus isocaloric diets moderate to high in fat have been in favor of carbohydrate (or neutral) for performance (Hargreaves, Hawley, & Jeukendrup, 2004) .
In-race carbohydrate did not show a significant correlation with marathon time in the initial analysis. Inrace carbohydrate expressed as g · kg body mass -1 · hr -1 showed a minimal, nonsignificant negative correlation with marathon time (r = -.03). This may be because the majority of participants did not achieve a carbohydrate intake that has been shown to benefit performance. A review by Jeukendrup (2004) indicated that while a minimum of ~15 g/hr of carbohydrate is required to achieve an ergogenic effect, most studies seeing benefits have used amounts ranging from 40 to 75 g/hr. The participants in this study consumed on average 23.5 g/hr, likely contributing to the lack of benefit. Moreover, the in-race carbohydrate assessments were based on recall instead of direct observation, and since dietary recall is known to have relatively poor validity (Rutishauser, 2005) , it may have made detecting significant associations challenging. We did not collect data on gastrointestinal distress during the marathon, which is common among participants of endurance-running events (Kekkonen et al., 2007; Pfeiffer et al., 2012; Rehrer, Janssen, Brouns, & Saris, 1989) . In several investigations, carbohydrate intake during exercise has been associated with gastrointestinal distress while simultaneously being associated with improved performance, which implies that an increased ability to tolerate carbohydrate during exercise may modify the relationship between carbohydrate intake and performance (Burke, Wood, Pyne, Telford, & Saunders, 2005; Pfeiffer et al., 2012; van Nieuwenhoven, Brouns, & Kovacs, 2005) . It remains possible that the low in-race carbohydrate intake in this cohort was due to low tolerability.
A 2-mile time trial was a strong predictor of marathon time. In this cohort, the 2-mile time trial has been a better predictor of marathon time than treadmill-based maximal oxygen uptake (Lundstrom, Ingraham, & Rhodes, 2012) , and overall, it explained 73% of the variance in the multivariate model, reaffirming its importance over more modifiable factors such as diet. Other background factors such as age and BMI were not independent predictors of marathon time. The homogeneity of age likely explains the lack of an association with marathon time, as the standard deviation of the sample was 3.3 (Table  1) . BMI trended toward statistical significance, and it is possible that it would have been a significant predictor with a larger sample. Our sample size of N = 46 with an α = .01 provided approximately 35% power to detect a significant r = .32.
Several strengths to this study build on the observational literature of the associations between nutritional factors and endurance-running-event performance. The most important covariate of marathon performance (running ability) was objectively measured with a field-based 2-mile time trial. While several previous investigations have inquired about training history and/or personal-best times, they did not measure running ability in an objective manner (Atkinson et al., 2011; Kruseman et al., 2005; Pfeiffer et al., 2012) . Furthermore, weight and height were measured objectively, thus reducing the influence of measurement error resulting from self-reported values. The current study's dietary-assessment methodology had advantages over methods in the previous literature, including a longer period of prerace assessment (3 days vs. 1 day; Atkinson et al., 2011) and the combination of prerace and in-race assessment rather than one or the other (Kruseman et al., 2005; Pfeiffer et al., 2012) . Finally, the fact that 78% of the participants were women provides support for the idea that women may benefit from prerace carbohydrate intake, which has been a matter of controversy in the literature (Tarnopolsky, Atkinson, Phillips, & MacDougall, 1995; Tarnopolsky et al., 2001 ). This finding confirms the observations of Atkinson et al. (2011) and has particular relevance given that the proportion of female marathoners in the United States has risen from 10% in 1980 to 41% in 2010 (Running USA, 2011).
Limitations include the observational nature of the research, which precludes definitive conclusions regarding the causative role of DBMC intake in marathon performance. While we accounted for several possible confounders between DBMC and marathon time (BMI, running ability, gender, age, energy intake), participants who consumed more carbohydrate may have differed on a number of unmeasured factors from those who consumed less carbohydrate. For example, most of the participants were novice marathoners and may have been more concerned with crossing the finish line than achieving an optimal performance. Consequently, it is possible that those who consumed more DBMC were more concerned with their finishing time than those who consumed lower amounts, although we did not collect data to support or refute this possibility. In addition, we did not measure muscle glycogen content directly or indirectly, which could have confirmed that the carbohydrate intakes reported by the participants did indeed influence muscle glycogen stores. Finally, the validity of any noninvasive dietary-collection methodology is limited (Rutishauser, 2005) . To enhance validity, we conducted a brief dietary-record training session, asked participants to measure foods when possible, and provided photographs to enhance visual estimation. The aim of the research was to assess intake over the days before the marathon, since acute carbohydrate intake transiently influences bodily stores in a matter of days (Arnall et al., 2007) . Establishing the true validity of any dietary-assessment method is challenging, and the magnitude of dietary-record inaccuracies among various populations is poorly characterized (Rutishauser, 2005) .
Conclusion
Given the challenges of conducting randomized trials of diet in endurance-running events, observational approaches are advantageous for studying the effects of diet on performance. Laboratory testing specific to dietary supplementation is limited to controlled environments. The results of this observational investigation provide evidence that DBMC is a significant independent predictor of marathon time as a part of a stepwise multipleregression model. While running ability measured by a 2-mile time trial was most predictive of marathon time, the more modifiable factor dietary carbohydrate appeared to influence performance. Moreover, since many of today's marathon participants are recreational and/or novice runners, it is important to determine whether dietary advice intended for trained athletes is relevant. A finding of this study is that even novice marathoners may benefit from consuming a diet that is at least moderately high in carbohydrate 24-36 hr before a marathon. Future observational studies should use multivariate methods to assess whether prerace and in-race dietary carbohydrate are predictive of endurance performance for other race modalities (e.g., cycling, Ironman) and distances (e.g., ultraendurance).
